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potentialsAbstract Aim: The objective of this study is to obtain stable and accurate electrically evoked
auditory brainstem responses (EABR) in cochlear implant children and to evaluate the effect of
age at implantation and duration of implant use on these responses.
Method: 30 Children were implanted with Nucleus 24 cochlear implant. EABR recording were
performed to all subjects using a stimulus with pulse width of 25 ls/phase. The EABR signals were
recorded from two electrodes (electrode 5 and 20) and at different intensities. The latency of the
EABR waves III and V, and the EABR threshold were measured and analyzed.
Results: EABR waves could be recorded in 93.3% of the studied subjects. This study indicated
better EABR responses at electrode 20 (apical electrode) relative to the basal site (electrode 5).
EABR responses in children did not differ from adult responses. Moreover, the age of implantation
and duration of implant use were correlated with EABR wave latencies and thresholds.
Conclusion: A well-established EABR was obtained in cochlear implant children with proper
parameters. The characterizations of the EABR waves including wave latencies and threshold were
extracted at different electrodes. The EABR test proves to be an effective method to evaluate the
functions of the auditory pathway in children after cochlear implantation.
ª 2015 Egyptian Society of Ear, Nose, Throat and Allied Sciences. Production and hosting by Elsevier
B.V. All rights reserved.1. Introduction
Children with severe to profound hearing loss experience little
to no auditory input even with the use of high ampliﬁcationhearing aids. This auditory deprivation occurring in early
development prevents acoustic input from adequately stimu-
lating the central auditory system, thus hindering normal
developmental processes, and results in distortions of tono-
topic maps in the auditory mid-brain and cortex.1,2
Cochlear implantation has been widely applied to recover
or obtain audition for patients who suffer from severe, extre-
mely severe or total hearing loss. A cochlear implant can effec-
tively stimulate the auditory pathways with electrical pulses
despite severe to profound hearing loss. For children, electricaled.
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central auditory pathway, providing auditory perception and
enabling development of speech perception skills.3–5
Auditory development in children with cochlear implants
has been inferred from psychophysical measures of speech per-
ception. However, this type of testing cannot provide direct
evidence of central auditory development. Furthermore, data
are limited to children who are old enough and have sufﬁcient
language levels to perform the tests. In recent studies, the elec-
trophysiological assessment has been shown to be efﬁcient in
investigating the functioning of the auditory system and in
providing objective data on the beneﬁt of early intervention.6
The auditory brainstem response (ABR) is a measure of
neural synchrony along the auditory pathway through the
brainstem. Because of electrical stimulation rather than sound
stimulation, the approach to evaluate the auditory function
after cochlear implantation should be different from the tradi-
tional methods. Consequently, ABR can be performed by elec-
trical stimulation through the cochlear implant, which is so
called electrically evoked ABR (EABR).
Formost implant recipients, even the 1st introductionof elec-
trical stimulation from a cochlear implant evokes activity in the
auditory brainstem, which can be measured as clear EABR
waveforms. Therefore, the EABR test can be used in the func-
tional evaluation of the auditory systembetween the time of initial
implant activation and after chronic cochlear implant use.7–10
The aim of the present work is to study EABR obtained
from CI children to be used for evaluating the functions of
auditory pathway after cochlear implantation, and to assess
to what extent age at implantation and duration of implant
use can affect EABR responses.
2. Method
2.1. Subjects
The present study included 30 children (14 females and 16
males) with severe to profound sensori-neural hearing loss.
They had been approved for implantation through a rigorous
assessment protocol of cochlear implant center of the Ain
Shams University Specialized Hospitals, Egypt. All subjects
were implanted in one ear with Nucleus 24 multichannel
cochlear implant (CI24M system), with full insertion of the
stimulation electrodes. A verbal uniform consent was obtained
from all the patients’parents and adults for participation and
dissemination of the results.
Out of the 30 children, twenty-one underwent implantation
before 5 yearsof age (2–4 years), however the other sevenchildren
underwent implantation at older ages (5–7 years). Ten adult
subjects implanted with Nucleus 24 (CI24M system) were
included for comparison purposes. Their age ranged from 18 to
58 years old and themean age of implantationwas 29.7 years old.
Subjects were lying comfortably in a bed in a quiet testing
room. No sedation was used for the children. Recordings were
obtained in young children while sleeping spontaneously and
older children were kept calm during testing with no sedation.
Time of recording ranged between 35 and 45 min.
2.2. EABR recording
Electrically evoked potential responses were recorded with the
Biologic evoked potential system (model 317, version 5.46).The active electrode was placed at the forehead (FPz)
(International 10–20 System), reference electrode was placed
on the contralateral mastoid, and the ground electrode was
placed on the back of the neck.
Stimuli used to evoke the EABR were generated by the
computer-controlled speech processor interface. This interface
generated the correct sequence of radiofrequency (RF) bursts
needed to activate the implant device and to trigger the averag-
ing computer. A series of 25 l s/phase biphasic current pulses
were presented to the patient at a rate of 21 Hz in a monopolar
stimulation mode. Stimulus levels started from a level near the
comfortable level and down to a point where wave V of the
EABR could no longer be identiﬁed at decrement steps of 20
units. However, when approaching threshold, step decrement
was made 3–5 units. Typically the EABR data consisted of
two to three runs of 1000 sweeps. Artifact rejection was used
to eliminate sweeps with excessive noise. In many traces a large
stimulus artifact was recorded within the ﬁrst 0.8 ms of the
trace due to the electrical current stimulating the cochlea. To
reduce the artifact, the ﬁrst 1.2 ms was digitally blocked and
the signal was digitally ﬁltered ofﬂine using band-pass ﬁlter
with cutoff values of 300 Hz–3 kHz.11
EABRs were tested for two stimulation electrodes: one
located at the basal end of the implant electrode array (elec-
trode 5), and the other at the apical end (electrode 20). Many
authors suggested better identiﬁcation of EABR waves with
shorter latencies and lower thresholds at the apical end of the
electrode array than at the basal end.12–14 Because of this better
quality, Electrode 20 was tested ﬁrst to optimize the chances of
getting valid EABR data at the basal end of the array.
Waves III and V latencies were measured for each wave-
form recorded within the range of stimulus levels. EABR
threshold was deﬁned as the lowest stimulus level at which
EABR wave V could be detected in two replications of the
stimulus condition.
2.3. Statistical analysis
In the present study, the latency of the EABR waves III and V,
EABR threshold and the positive appearance rate of the
EABR wave were measured. Data were expressed as
Mean ± SD and range for the quantitative measures. Data
were statically analyzed using SPSS 15.2 software. Paired t-test
was used for comparison purposes. Ranked Sperman correla-
tion test was used to study the correlation between EABR
response, age at implantation and duration of hearing loss.
The probability (P) values less than 0.05 were considered sig-
niﬁcant, while at 0.01 or 0.001 were highly signiﬁcant.
3. Results
Thirty children receiving Nucleus 24 cochlear implant
(Nucleus CI24M) were included in the present study. Table 1
shows the age of the children at time of evaluation, their age
at implantation and duration of device use. All subjects had
unilateral cochlear implants. Table 2 shows the etiology of
hearing loss in the study group.
3.1. Characteristics of EABR response
EABR responses could be obtained in 28 children (93.3%).
Positive peaks II, III and V of the EABR were visually
Table 1 Demographic data of study group.
Range Mean ± SD
Age of children at time of
testing
2.5–13 years old 5.9 ± 2.1
Age at implantation 2–7 years old 3.77 ± 1.3
Duration of device use 3 months–
6 years
4 years ± 4.2
Figure 1 EABR waves III and V at different current levels down
to threshold.
Electric auditory brainstem response (E-ABR) 147identiﬁed within expected latency ranges (0.5–2.0 ms for II,
1.5–3.0 ms for III and 3.0–5.0 ms for V). Wave I was easy to
be interfered by the artifacts (could not be identiﬁed), wave
II and IV were unstable. Therefore, this study focused on the
analysis of waves III and V. Fig. 1 shows the EABR waves
obtained from one subject under different current intensities.
This child was an 8 years old male patient with pre-lingual
deafness, implanted for 10 months.
Both peaks III and V were clear at high stimulus levels and
became smaller in amplitude as the stimulus levels decreased,
until no response could be seen. Latencies of waves III and
V, III–V inter-wave latencies and thresholds of EABR
response were analyzed at the two electrode positions, basal
electrodes represented by E5 and apical electrodes represented
by E20. The amplitude of EABR wave V showed high intra
and inter-subject variability; hence it was not subjected to
analysis.
EABR waves III and V appeared at earlier latencies at api-
cal site (E20) compared to the basal site (E5). This difference
was statistically signiﬁcant for wave V latency. Signiﬁcantly
shorter III–V inter-wave interval and lower EABR thresholds
were observed at apical site (E20) relative to basal site (E5)
(Table 3 and Fig. 2).
3.2. EABR response differences between children and adults
EABR responses in children were compared to responses in 10
adult subjects using the same cochlear implant device. StudentTable 2 Etiology of hearing loss in the study group.
Total
number
of
children
Onset of
hearing
loss
Number
of
children
Etiology Number
of
children
30 Congenital
(since
birth)
23 Heredo-familial
hearing loss
8
Connexin 26 4
Waardenburg
syndrome
1
Maternal
toxoplasmosis
1
Neonatal
jaundice
2
Unknown 7
After ﬁrst
year of life
7 Post-meningitic 4
Ototoxicity 1
Delayed onset
heredo-familial
hearing loss
1
Unknown 1t-test revealed no statistically signiﬁcant differences between
the two groups regarding EABR wave latencies and thresholds
(Figs. 3 and 4).
3.3. Effect of age at implantation on EABR response
Table 4 revealed a highly signiﬁcant positive correlation
between EABR threshold in E20 and age at implantation, in
addition to positive correlation between EABR wave V and
III–V interval in E5 and age at implantation. Further compar-
ison was done between two subgroups of our subjects, 1st
subgroup included children who were implanted before the
age of 5 and the second subgroup included children who were
implanted above the age of 5 years old. Student t-test revealed
no signiﬁcant differences in EABR response in the two
subgroups (Table 5).
3.4. Effect of duration of implant use on EABR response
Table 4 revealed highly signiﬁcant negative correlation
between wave III latency and threshold at E20 and duration
of implant use.
4. Discussion
The wave peaks in the acoustically evoked Auditory Brainstem
Response (ABR) arise from the ascending pathways of the
auditory nerve (waves I and II) to the cochlear nucleus (wave
III) through the superior olivary complex to the lateral lemnis-
cus which innervates the inferior colliculus (waves IV and V).
The interpeak latencies reﬂect neural conduction time between
the generators of the ﬁrst peak to the generators of the second;
this is a general measure of many time constants including
those associated with axonal conduction and synaptic trans-
mission.15–17
The EABR waveform pattern is similar to that of acoustic
ABRs – but without wave I, which is masked by the electrical
stimulus artifact – although the EABR usually appears
Table 3 EABR response latencies and thresholds in electrodes
(20) and (5).
EABR Apical E20 Basal E5 t-value P
Wave III
latency
1.94 ± 0.43 2.01 ± 0.30 0.73407 >0.05
Wave V
latency
3.69 ± 0.24 3.93 ± 0.34 5.23681 <0.01**
III–V interval 1.82 ± 0.17 1.92 ± 0.16 2.92207 <0.01**
Threshold 186.04 ± 15 199 ± 16 4.49461 <0.001**
** Highly signiﬁcant.
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cells by the implant electrodes.18 By analogy with the normal
ABR, EABR wave III is thought to be generated in the mid
brainstem and EABR wave V in the upper brainstem.19
Gordon et al.20 suggested that, neural synchrony for electric
evoked potential recordings in CI patients is likely greater than
for acoustic stimulation in normal hearing individuals, because
the auditory nerve is directly stimulated with a rapid-onset
electrical pulse.
In the present study, it was observed that EABR waves
were sharply peaked and could be easily and rapidly recorded
in implanted children. Waves III and V could be clearly iden-
tiﬁed at their expected latencies in the study group (Table 3).
Wave II was recorded only in few cases and was not analyzed
in the present study. Wave V was the most robust EABR com-
ponent, obtained on more implant electrodes and for more
stimulus intensities than the others and this agreed with many
authors. In general, the latencies of EABR waves observed in
this study were in agreement with the values reported by
others.7,8,10,11,14,21–23 EABR response could not be elicited
from two of our subjects. The reason for absent EABR in
those subjects was not clear. One of them was using cochlear
implant for 3 years duration and having good performance,
and the second child was recently implanted (3 months dura-
tion of use).
Results from the present study showed that stimulation
from an apical (E20) versus basal (E5) cochlear implant elec-
trode evokes more steep responses, and more rapid neural0 
1 
2 
3 
4 
5 
III V III-V
EABR latencies and interpeak intervals
Apical (E20) Basal (E5)
Figure 2 EABR response in the study group (wave latencieconduction beyond the primary auditory nerve (differences
were found in wave V latencies and III–V interwave latencies)
(Table 3, Fig. 2). These ﬁndings agreed with previous
authors.12–14,24–26 The differences between apical and basal
electrodes could reﬂect the relative differences of the density
of surviving neural elements in the cochlea. Another issue to
be also addressed is the proximity of the implanted electrode
array to spiral ganglion cells and its inﬂuence on threshold.21
4.1. EABR response differences between children and adults
The central auditory system in adults using cochlear implants
could have different characteristics than those in children using
implants. Most adult implant users have acquired deafness
after normal auditory development during childhood pro-
moted by binaural hearing, whereas many children receiving
implants have congenital forms of bilateral deafness. In
pre-lingually deaf children, the lack of auditory input during
early developmental stages likely disrupts and/or arrests
normal maturational processes occurring in the central
auditory system and their access to auditory input is only from
one implanted ear.
In the present study, EABR responses were compared with
adults using the same cochlear implant device Nucleus 24
multichannel cochlear implant (CI24M system) (Figs. 3 and 4).
There were no statistically signiﬁcant differences observed
between the two groups on t-testing regarding EABR wave
latencies and thresholds. These results agree with the previous
work done by Gordon et al.22 In their study they found no
relationship between chronological age and EABR latencies
after 0.5 year of implant experience. This suggests that the
plasticity of the electrically evoked auditory brainstem is
retained in children who receive cochlear implants, and
regardless of the duration of auditory deprivation during child-
hood, the brainstem pathways are able to respond to electrical
stimulation.
4.2. Effect of age of implantation on EABR response
EABR could be obtained clearly from children implanted at
older age (>5 years old). t-Test revealed no signiﬁcant differ-
ences in EABR responses obtained from children implanted175
180
185
190
195
200
EABR thresholds
E20 E5
s and thresholds in apical E20 and basal E5 electrodes).
1.9
3.7
1.8
2 
3.7
1.8
III
V 
III-V 
E20
Adults Children
2 
3.9
1.9
2 
3.8
1.8
III
V 
III-V 
E5
Adults Children
Figure 3 Comparison between children and adults EABR
response latencies in E20 (apical) and E5 (basal) electrodes.
Table 4 Correlation between EABR response age of implan-
tation and duration of implant use.
EABR Age of
implantation
Duration of
use
E20 Wave III
latency
R 0.253914 0.502487
P >0.05 <0.01**
Wave V latency R 0.15086 0.208386
P >0.05 >0.05
III–V interval R 0.18373 0.19757
P >0.05 >0.05
Threshold R 0.007518 0.006641
P <0.01** <0.01**
E5 Wave III
latency
R 0.21555 0.162583
P >0.05 >0.05
Wave V latency R 0.39209 0.114695
P <0.05* >0.05
III–V interval R 0.41673 0.13972
P <0.05* >0.05
Threshold R 0.14119 0.10049
P >0.05 >0.05
* Signiﬁcant.
** Highly signiﬁcant.
Table 5 Effect of age of implantation on EABR response in
apical and basal sites.
EABR
response
Age of implantation t-Value P
Less than
5 years
Above 5 years
Mean + SD Mean + SD
E20
III latency 1.77 + 0.26 2.17 + 0.72 1.07112 >0.05
V latency 3.72 + 0.25 3.62 + 0.22 1.012596 >0.05
III–V
interval
1.85 + 0.17 1.74 + 0.16 1.570815 >0.05
Threshold 185.29 + 16.15 187.43 + 12.23 0.36859 >0.05
E5
III latency 2.04 + 0.33 1.92 + 0.21 1.045341 >0.05
V latency 3.99 + 0.36 3.76 + 0.24 1.894494 >0.05
III–V
interval
1.95 + 0.17 1.83 + 0.08 2.461439 >0.05
Threshold 200.65 + 16.67 194.71 + 13.80 0.925642 >0.05
Total
number
23 7
Electric auditory brainstem response (E-ABR) 149before or after age of 5 years old, however, the number of old
children was small (7 children) (Table 5). On the other hand
correlation studies revealed prolongation of wave V latency
and III–V interpeak interval (at E5) and increase in EABR
thresholds (at E20) with increase of age at implantation
(Table 4).
Gordon et al.22 reported that EABR latencies in children
using cochlear implants are not dependent upon the duration
of deafness/age of the children at the time of implant. How
and why the brainstem retains this potential for plasticity at
least during childhood remains unclear. In the pre-lingually
deafened children included in their study, the initial activation
of the cochlear implant typically provided the ﬁrst signiﬁcant
input to the auditory pathways regardless of the duration of
auditory deprivation during childhood.
4.3. Effect of duration of implant use on EABR
Whatever deﬁcits along the auditory pathways in children with
hearing loss before implantation, it is evident that the auditory
brain stem and midbrain are capable of developmental changes
with ongoing electrical stimulation. In the present study there
was a highly signiﬁcant negative correlation between wave III
latency and the duration of implant use. Also there was a
signiﬁcant decrease in EABR threshold (at E20) with longer
duration of implant use (Table 4).
Gordon et al.20 reported that, after chronic stimulation, the
neural generators of waves III and V ﬁre sooner after stimulus
presentation, as shown by signiﬁcant decrease of III and V
latencies over time. Moreover, the pathway from generators
of III to more central neurons that contribute to V becomes
faster, as shown by decreasing interwave latencies after
implantation.160
170
180
190
200
210
E20 E5
Children
Adults
Figure 4 Comparison between children and adults (EABR
response thresholds in E20 apical and E5 basal electrodes).Gordon et al.24 reported signiﬁcant decreases in wave and
interwave latencies over the 1st year of implant use for
responses evoked by a basal as well as by an apical electrode.
Similarly, Thai-Van and colleagues13 have conﬁrmed that sig-
niﬁcant decreases in wave V occur over 2 years of implant use
(both apical and basal evoked changes were shown).The same
types of latency changes have been shown to occur in normal
hearing children over the 1st two years of life and have been
attributed to increased myelination and improved synaptic
efﬁcacy.27
Gordon et al.22,28 concluded that consistent stimulation
from either end of the implanted array did promote
developmental plasticity of the auditory brainstem by decreas-
ing wave and interwave latencies.
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The development of objective outcome measures in pediatric
cochlear implant patients could aid in the assessment of new
device technologies and monitor the progress over time even
in very young children. Additionally it could help in identiﬁca-
tion of factors that contribute to that outcome. Electrically
evoked auditory brainstem response (EABR) could be elicited
form most of the studied children and is considered an objec-
tive tool that provide evidence of central auditory activity.
EABR wave latencies signiﬁcantly decreased with duration
of cochlear implant use. Additionally there was a positive
correlation between EABR wave latencies and age at implant
activation. Further work should focus on prolonged periods
of auditory deprivation on how surviving nerves respond to
electric stimulation from CI. In this way we might better
understand why children who undergo implantation at
younger ages tend to achieve higher levels of speech perception
than their older peers.Conﬂict of interest
There is no conﬂict of interest and no ﬁnancial disclosures.References
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